Abstract. Airborne measurements of hydrogen peroxide and its partitioning between the aqueous and gas phases were conducted during studies of wintertime orographic clouds at temperatures ranging between -9 ø and -24øC. A subset of the derived values of the H202 Henry's law coefficient, based on measurement of gas-phase H202 and the physical properties of the cloud, were found to agree with laboratory measurements extrapolated to the cloud temperature. Disparities between the derived and temperature-extrapolated values were also observed, but this was attributed to overestimates of the in-cloud H202 mixing ratio that result from solute H202 volatilization on the reverse-flow air sample inlet during cloud droplet impaction and freezing. This hypothesis is supported by the fact that the derived Henry's law coefficients which exhibit agreement with the temperature-extrapolated values were conducted using a narrower inlet which intercepts less cloud water. Also discussed are vertical profiles of gaseous H202 within and above a cloud-capped boundary layer and in-cloud measurements which reveal that H202 scavenging by ice hydrometeors is minimal in comparison to uptake by an equivalent mass of liquid cloud droplets.
ice crystal habit, were obtained from the studies of LocateIll and Hobbs [1974] and Davis [1974] . Variability in crystalline habit and statistical errors in c• and/3 introduce factor of 2 or smaller uncertainties in the calculated values of IWC [Detwiler et al., 1990 ].
Cloud liquid water content (LWC, cm3m '3) was measured using two different devices: the forward scattering spectrometer probe (FSSP) and a Commonwealth Scientific and Industrial Research Organization (CSIRO) probe. The CSIRO probe was not available during 1992, but for the studies conducted in 1991 we compare results obtained from both instruments. On the basis of this intercomparison we contend the negative bias associated with the FSSP LWC measurement is no larger than 20%. This value is utilized in our error analysis (see section 4.3.).
A hydroperoxide monitor based on the design of Lazrus et al. [1986] was used to assay H202 in air. The monitor was calibrated both before and usually subsequent to each flight using aqueous standards. We also conducted ground-based studies which demonstrated that there was negligible H202 loss in the sample inlet tubing. These studies, our modifications to the Lazrus et al. design, required for operation in a pressurized aircraft, and the algorithm used to process data from the hydroperoxide monitor, are described by Murphy [1993] . Uncertainties which propagate from errors in the parameters used in the data processing algorithm (i.e., flow rates (both stripping solution and air), detector sensitivity, signal offset, and H202 decomposition efficiency) were never larger than 4-0. For the study intervals summarized in Table 3 Properties of the air sample inlets used in 1991 (outer diameter 9.6 mm) and 1992 (outer diameter 25.6 mm) are summarized in Table 1 . For the calculations of droplet impaction efficiency we have idealized the inlet as a vertical cylinder. This idealization was validated by post-flight observations of ice deposits only on the forward-facing portion of the inlet. Compared to the 1991 inlet, predicted ice accretion rates on the inlet used in 1992 are --• 1.7 times larger. This is the result of two competing effects, both of which vary with increasing inlet diameter: (1) the decrease in droplet impaction efficiency (fourth column Table 1) , and (2) the increase in droplet impaction area. Since H202 contained in cloud droplets is released during rime accretion [Snider et al., 1992a] , it is expected that the measurements of X, particularly those conducted in 1992, were positively biased relative to that expected for equilibrium cloud conditions. The magnitude of this bias cannot be quantified, but differences between the extent of H202 partitioning derived from measure ments conducted in 1991 and 1992 are consistent with its presence. This inference is discussed in section 5.
During both field seasons, and for a range of droplet sizes consistent with that observed, values of the droplet Stokes number (Stk) are in excess of unity (see the fifth column of Table   1 ). Vincent et al. [1986] demonstrate that this is a necessary condition for inefficient droplet aspiration and it is therefore assumed that the sampled air stream is devoid of cloud droplets. This was substantiated by visual inspections of the inlet. We therefore base our analysis on the assumption that only cloud interstitial H202 is sampled by the reverse-flow inlet. Biases introduced by sampling the smallest cloud droplets have little or no effect on the results presented here [Murphy, 1993] . The model of Lozowski et al. [1983] was employed to calculate the ice substrate temperature; the largest value during these experiments was -4 øC.
Surface Measurements
A device consisting of a small wind tunnel and a reverse-flow air sample inlet was used for sampling air at EMO. The studies of Huang [1994] Range in southeastern Wyoming. In a manner similar to the studies reported by Politovich and Vali [1983] , the measurements from EMO were used to augment the aircraft observations. The concurrent observations of the mixing ratios of H202, SO 2, and NOy, and CN concentration are shown in 
Calculations
The fractions, E, the scavenging efficiency for H:O: derived using in-cloud and out-of-cloud gaseous H:O: measurements, and E*, the scavenging efficiency for H:O: assuming Henry's law equilibrium, were both calculated at ls intervals: E was calculated using
E=X-x x
Here X (ppbv) is a clear-air H202 measurement, X is the cloud interstitial H20,_ measurement, and (X-X) is the inferred •' Based on the assumption of a monodisperse population of cloud droplets and a droplet number concentration (150 cm '•) consistent with cloud-pass-averagedFSSP measurements from this study [Murphy, 1993] . CN is measured in number per cubic centimeter.
From Langmuir and
•' na = not available.
(1 s), i is the index, and the cutoff frequency, v c, is related to Tr
Using the filtered values of the equilibrium scavenging efficiency and assuming both that Henry's law holds and that X is representative of the total mixing ratio in-cloud, we derived the predicted in-cloud mixing ratio = x . - 
Values of r r, calculated using the SO2 mixing ratio measurements in Table 2 , are expected to be lower limit estimates, since Faust et al. 
where • is the wavelength of the most energetic eddies in the inertial subrange (determined from plots of the variance spectra corresponding to in-cloud measurements of vertical velocity [Politovich and Cooper, 1988] ), and e is the eddy dissipation rate. Our analysis reveals that equilibrium between gaseous and aqueous H202 is expected since diffusion into the cloud droplets occurs on a timescale (30 s) substantially shorter than turbulent mixing (1000-100 s). Furthermore, depletion of H202 via reaction with SO2 is not indicated, since the residence time of air parcels within the studied clouds (1500 -500 s) is significantly shorter than r r. In contrast with the glaciated cloud observed on April 7, 1991 (Figure 2) , and the mixed-phase cloud monitored on March 20, 1991 (Table 3) , no particles larger than 1 mm were observed during the penetrations shown in Figures 5b and 6b, nor Figures 2d,  5d, and 6d) , scavenging efficiency ratios less than unity (Figures  2e, 5e, and 6e) , K•, less than K (Figure 2f, 5f, and 6f) Table 5 . Also shown in Table 5 Biases in E/E•at due to uncertainty in X result because we assume that the H202 mixing ratio measurements made immediately prior to cloud entry (see Table 3 
Discussion
Negative deviations from Henry's law equilibrium, indicated by values of E/E•at less than unity in Figure 7a , were evident for all of the analyzed cloud passes. For the 1992 cases the disparity was found to be substantially larger than the upper limit estimates of the measurement biases. Here we investigate the possibility that H202 volatilization due to riming on the forward-facing surface of the air sample inlet is an important factor leading to this disparity. Our approach is to consider the sampled H202 as a mixture resulting from two sources: (1) air stripped of cloud water by impaction on the forward-facing surface of the sample inlet, and (2) unperturbed cloud-interstitial air. We indicate the relative amount of sources 1 and 2 by f• and f2, respectively. The value off• depends on the fraction of the LWC impacted on the sample inlet (F), the equilibrium scavenging efficiency for Table 4 ), are used to predict H202 uptake by codeposition, we find that only 0.02 ppbv is sequestered. Note that this corresponds to only 2% of the amount observed in clear-air. The predicted depletion is therefore substantially hydrogen peroxide (Efilt), the retention efficiency (I') for H202 smaller than the variability in H202 mixing ratio seen outside of (an upper limit value of 0.3 is assumed based on the work of cloud (see Figure 2d) . Hence in comparison with partitioning into an equal mass of condensed liquid water, H202 uptake via codeposition is expected to be at least an order of magnitude less efficient. Furthermore, in supercooled clouds containing graupel the removal of H202 is inhibited by the fact that a large fraction of solute H202 is volatilized during riming [Snider et al., 1992a] . We note however that the work of Jacob and Klockow [1993] points to increasing H202 scavenging with IWC and therefore to the need for concurrent measurements of the amount present in the gas, liquid, and solid ice phases.
The cloud passes documented in Table 3 If our interpretation is correct, the experiments conducted during 1991 afford the first validation, conducted in supercooled natural clouds, of the validity of extrapolations of K. This validation is significant, since increasing H:O: solubility with decreasing temperature compensates for the fact that the S(IV)/H:O: reaction rate constant decreases with decreasing temperature. As a consequence, predictions of the importance of hydrogen peroxide-mediated sulfate production in clouds characterized by droplet pH values less than 4.5 are also reinforced. Furthermore, this work points to a significant bias that results due to droplet accretion and the concomitant inefficient trapping of dissolved solute that can occur during sampling in supercooled clouds.
